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Abstract 
Differential shrinkage between new concrete overlay and that of old substrate concrete will 
trigger shrinkage (tensile) stress leading to cracking when this tensile stress development 
reaches tensile capacity of overlay. There are many parameters affecting the magnitude of 
shrinkage stress. Any criteria used to assess cracking tendency of concrete overlay caused by 
differential shrinkage should take into account all of the parameters involved in building up 
shrinkage stress. Assessment of shrinkage cracking behaviour of concrete overlay could be 
classified into qualitative and quantitative method. This paper reviews both methods. Current 
models for estimating shrinkage stress and their possible application for setting performance 
criteria to assess shrinkage cracking tendency in concrete overlay are discussed. Simplification 
of model is proposed and extension of data to improve the model is suggested. 
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1. Introduction  
Degradation of concrete is a common problem observed in structural concrete after 
years in service. The signs and extent of degradation are governed by quality of 
concrete, type and magnitude of service load, type of aggressive agents from 
environment, etc. An example of concrete degradation may be identified in the form of 
spalling or delamination of concrete cover. This type of degradation could be related to 
corrosion of reinforcement triggered by penetration of chloride ion or carbonation. 
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Continues degradation of concrete will certainly shorten service life of structural 
concrete. Repair or rehabilitation may be opted to restore the damaged concrete and 
extent its service life. Overlay could be applied as a method to restore the loss of large 
area of concrete cover due to reinforcement corrosion. Meanwhile patching is a method 
suitable to repair local damaged. Both methods require new concrete to be bonded on 
old substrate concrete resulting in composite system. 
New concrete material for overlay application tends to have higher rate of shrinkage 
compared to old substrate concrete. Hence, differential shrinkage exists in the 
composite system. Since overlay is bonded to old substrate concrete, its higher 
shrinkage movement would be restrained by old substrate concrete. The degree of 
restraint depends on bonded properties between overlay and substrate concrete, which in 
turn, influenced by surface preparation/treatment before overlay being applied 
(Kristiawan et al 2009 and Kristiawan 2009).  
It has been recognized that differential shrinkage is the source of cracking observed 
in concrete overlay (Kristiawan 2003; Asad 1995; and aly and Sanjayan 2008). The 
mechanism may be explained as follows: as the shrinkage of overlay is restrained, 
tensile stress is induced. The tensile stress is built up in proportion to continuous 
restraint of shrinkage of overlay in time. The development of tensile stress is affected 
not only by magnitude of shrinkage and degree of restraint, but it is also influenced by 
elastic modulus and creep of both overlay and substrate concrete. Lower elastic 
modulus and higher creep in tension of overlay would be beneficial in relieving tensile 
stress. Meanwhile elastic modulus and creep in compression of substrate concrete 
would be useful to reduce degree of restraint. All these parameters interact to produce 
tensile stress and when the built up of tensile stress reaches tensile capacity of overlay, 
cracks will occur. 
Even though cracking tendency of concrete overlay are affected by a variety of 
parameters as explained above, there are still many standards that cite magnitude of 
shrinkage as sole criterion to assess shrinkage cracking tendency of overlay material. 
ASTM C928-00 gives a limit of shrinkage at 28 days at about 0.15% (1500 microstrain).  
ASTM C1600-07 assigns a maximum value of shrinkage in the range of 0.06%-0.12% 
(600-1200 microstrain) for rapid hardening cement-based material of overlay/patching. 
Hong Kong Housing Authority specifies a limit of 300 microstrain free shrinkage for 
the specimen with the dimension of 25 x 25 x 285 mm at 7 days under 27o C and 55% 
RH.  Mc Donald et al (2000) suggest a maximum drying shrinkage of 400 and 1000 
microstrain at 28 days and 1 year, respectively. However, they also noted that there is no 
correlation between specifications of maximum shrinkage with field performance 
related to cracking.This is an indication that adequate performance with respect to 
shrinkage cracking tendency in concrete overlay cannot be properly assessed on the 
basis of free shrinkage tests. 
2. Qualitative Performance Assessments of Shrinkage Cracking Tendency 
Assessment of shrinkage cracking tendency in concrete overlay could be improved 
by creating method of tests that simulate shrinkage cracking phenomenon.  These tests 
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are classified into four categories i.e. ring, plate, longitudinal and substrate restraint. 
These tests may be employed as qualitative means to evaluate shrinkage cracking 
tendency. The results of tests are only useful for comparison of sensitivity to cracking 
between a variety of concrete materials (Bentur and Kovler 2003). It can also be used to 
study the effect of major parameters influencing shrinkage cracking behaviour of 
overlay materials. 
The significant and limitation of all four categories tests have been reviewed by 
Bentur and Kovler (2003). For ring type test (Fig. 1), material being tested is cast 
around steel ring. With this arrangement, shrinkage of tested material will be restrained 
by the steel ring. Consequently, tangential stress is induced on tested material. If this 
stress is high, it may cause cracking. This test method has been adopted as standard test 
method for evaluating restrained shrinkage tendency e.g. AASHTO  PP34-99 and 
ASTM C1581. There are slightly differences in the dimension of the ring test between 
those two standards. The AASHTO specimen is thicker than that of ASTM. 
Consequently, observation of cracking behaviour on AASHTO specimen requires a 
longer time.  (Delatte et al 2007) proposed equation to take account the ratio of ring 
radii versus time to crack t as follows: 
= 00025 2 + 0.13 + 0.3188 (1) 
where ro and ri is outside  and inside radius of concrete ring, respectively. 
 
 
 
 
 
 
(a) Top view                 (b) Side view 
Figure 1. Schematic illustration of ring type test (not to scale) 
The evaluation of performance in this test is based on characterization of the cracks 
and their quantification in terms of maximum width, average width, number of cracks 
and time of occurrence of cracks. ASTM C1581 recommends quantitative measures to 
classify cracking potential based on time to cracking and stress rate when the material is 
under such test (see Table 1). The recommendation implies that field performance of 
concrete overlay related to shrinkage cracking tendency may be expected from 
measurement of time to cracking and stress rate when the overlay material is under such 
test. This may require further works to validate correlation between these parameters 
observed in laboratory and field performance of shrinkage cracking. 
 
 
steel ring 
concrete ring 
wooden base 
ri ro 
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Table 1. Cracking potential classification 
Time to cracking, tcr (day) 
Stress rate, S 
(MPa/day) Potential for cracking 
cr   High 
7 < tcr    Moderate-high 
14 < tcr   Moderate - low 
28 > tcr S < 0.10 Low 
 
 
Figure 2. Schematic illustration of plate type test (not to scale) 
Plate type test  (Fig. 2) basically begins with casting of overlay material into slab 
mould. Axial restraints are provided by reinforcements (L-shaped mesh of steel) at the 
edge of the plate and the polyethylene sheet is placed on top of base mould to avoid 
absorption of water and prevent restraining effect from the base (Kraai 1985). Weiss et 
al (1998) proposed a thin length plate type test where restraints are simulated from the 
substrate in addition to axial restraints. Overlay material is allowed to dry on the surface 
and the performance of material is assessed based on the extent of cracking: time to 
cracks, development of cracks (width, length and number of cracks with time), cracks 
density, etc. The test is able to qualitatively compare cracking potential between various 
overlay materials and the effect of changing materials and environment on shrinkage 
cracking behaviour. 
Longitudinal type test  in principal provides axial restraints at the ends of 
longitudinal specimens by a various means for example by triple bar anchors at its ends 
where the anchors rigidly attached to a thick base plate through vertical post as 
proposed by Banthia et al (1993) as seen in Fig. 3. Bentur and Kovler (2003) classify 
the test based on their characteristic of restraints into four categories: longitudinal 
qualitative, passive, active and closed loop instrumented. The description and 
significant differences between each category can be referred in the mentioned literature 
(Bentur and Kovler 2003). The tests characterize cracking behaviour of overlay material 
in term of total cracks width and total cracks length. 
mould 
L-shaped mesh 
of steel 
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Figure 3. Schematic illustration of longitudinal type test (not to scale) 
The last type of test i.e. substrate restrained test provides restraint of shrinkage 
overlay from the substrate. The substrate may be assembled from concrete or steel. For 
the first, a layer of concrete overlay is placed on top of hardened substrate concrete 
having surface protrusions, which enhance roughness and in turn, impose a uniform 
restraint on the shrinking overlay. This test was developed by Banthia et al (2006) and 
illustrated in Fig. 4. Cracking behaviour of concrete under test is characterized by total 
crack width and total crack length. Meanwhile, substrate V-shaped channel steel as 
proposed in Germany may be adopted for substrate restrained test. The number of 
cracks, the average and maximum crack width, time of cracking, and detachment from 
the steel are monitored and recorded to characterized shrinkage cracking behaviour 
(Bentur and Kovler 2003). 
 
Figure 4. Schematic illustration of substrate restrained test (not to scale) 
3. Toward Quantitative Performance Assessments of Shrinkage Cracking 
Tendency 
Qualitative method of assessment of shrinkage cracking is only able to characterize 
tendency of a variety overlay materials to crack and compare the performance between 
the materials. However, the results of assessment cannot predict whether particular 
material will crack or not when it is used in the field. In other words, there is no link 
between laboratory test and field performance. If it is required to predict field 
performance of overlay materials, the prediction should be based on quantitative 
measures. Such measures could be established from estimating restrained shrinkage 
stress in overlay, which in turn, requires a valid model to be used to calculate the stress. 
The model should be developed by taking into account all parameters affecting 
restrained shrinkage stress. When a valid model has been realized, laboratory tests 
which measure input parameters will support the implementation of the model to 
quantitatively assess shrinkage cracking tendency. The model may be extended to set 
performance criteria on the basis of input parameters. Thus, by determining the input 
base plate 
specimen 
anchor 
overlay 
substrate 
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parameters and comparing them with specified performance criteria, the likelihood of 
overlay materials to crack in the field may be predicted. 
The following section reviews current models for estimating restrained shrinkage 
stress and outlines the requirements of laboratory tests for determining input 
parameters. The models are further assessed for a possibility to be used in setting 
performance criteria. 
3.1. Models developed based on computing shrinkage stress in ring type specimens 
Shah et al (1998) proposed a model to quantify a circumferential stress in concrete 
ring at radius r proportional to internal pressure p given by steel ring in response to 
circumferential shrinkage of concrete ring  as follows: 
= 2/ 2+12/ 2 1  (2) 
= 2+ 2 / 2 2 +  (3) 
in which ri r ro, where ri and ro symbolizes inside and outside concrete ring radius, 
respectively; E 
stress has been calculated using Eq. (2), the corresponding circumferential strain at time 
t, )(t  is estimated by integrating the effect of creep using the following equation: 
= ,= 1   (4)  
where  is creep compliance and t and  represent time at which creep is evaluated 
(t)- )(t , is 
compared with the allowable tensile strain  which is determined from fracture 
mechanic approach. Thus, fracture parameters sICK (critical stress intensity factor) and 
CTODc (critical crack tip opening displacement) of concrete material need to be 
determined experimentally. 
The computation of shrinkage stress could be improved when elastic modulus of 
ring steel is taken into account. This elastic modulus of steel ring will influence the 
degree of restraint provided by the steel ring. Instead of using shrinkage of concrete, the 
stress developed in concrete ring could be computed from the strain developed in the 
steel ring as a result of pressure induced by shrinkage of concrete ring. The model is 
given below (Shah et al 2006): 
= 2+ 22 2
2 2
2 2  (5) 
where  is maximum residual stress occurs at the interface of the concrete and steel; 
steel(t) and Es is strain observed in steel ring and elastic modulus of steel, respectively; ri 
and ro is radius inside and outside of concrete ring , respectively; and ris is radius inside 
of steel ring. To be able to use Eq. 5, strain in the steel ring needs to be monitored 
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continuously over time. In other words, shrinkage stresses in concrete ring can only be 
calculated when data of corresponding strains in the steel ring are available. Eq. (5) may 
be used to substitute Eq. (2) for cracking time prediction using procedure described in 
the previous paragraph. 
Hossain et al. 2008 suggested different approach in setting performance criteria to 
assess shrinkage cracking. Potential of concrete to crack is estimated on the assumption 
it occurs when the maximum residual stress  calculated from Eq. 5 reaches the 
tensile capacity of concrete. In this approach, tensile capacity is determined from 
splitting tensile strength fsp which is age-dependent material property. If cr is cracking 
potential of concrete, then: 
=   (6) 
Theoretically, cracking will occur when the value of cr is 1. However, Hossain et 
al. 2008 show cracking occurs at value of cr less than 1. 
Other factor affecting shrinkage stress is ring geometry. Some literatures (Dellate et 
al 2007;Weiss et al 2000; and Weiss and Shah 2002) have identified the effect of ring 
geometry on the value of shrinkage stress. Weiss et al (2000) and Weiss and Shah 
(2002) identified that concrete rings having the same drying surface to volume ratios but 
with different size/geometry will exhibit different cracking behaviour. Specimens with 
bigger size tend to crack at a longer time. Mathematical models have been proposed to 
deal with this size effect as follows (Weiss et al 2000 and Weiss and Shah 2002): 
= 1+ 220  (7) 
, 1 + 1 + 22 + = 00  (8) 
where  is the compliance of the concrete,  
constant), ri and ro is radius inside and outside of concrete ring, respectively, sh(t) is 
free shrinkage of unrestrained concrete. The maximum circumferential stress , can 
be calculated when a time constant  is first solved for numerically using Eq. (8). 
Cracking performance of concrete is assessed by comparing the maximum residual 
stress  (Eq.7) with the maximum stress that the concrete can resist which is 
determined from fracture mechanic approach. 
The development of models for predicting shrinkage stress in concrete ring as 
described above are based on the assumption that there is no differential shrinkage from 
inner to outer radius of concrete or there is uniform radial shrinkage of concrete. This 
means only a single value of shrinkage which represents the magnitude of shrinkage of 
concrete ring. In concrete overlay, actual shrinkage could vary from layer to layer since 
the rate of drying between layers is difference. The surface of overlay will exhibit 
higher rate of shrinkage as a consequence of higher rate of drying. Unless this 
differential shrinkage has been taken into account, the models will not relevant to be 
used to quantitatively assess cracking performance of concrete overlay in the field.  
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3.2. Models developed based on computing shrinkage stress induced by substrate 
restrained 
Methods of shrinkage cracking prediction in concrete overlay developed based on 
computing shrinkage stress induced by substrate restrained are given in several 
literatures. An example is that proposed by (Silfwerbrand 1997) and presented in 
Eqs.(9)-(11). 
)(
*
)()( tshtt E   (9) 
shEmmm
mm
144
23
)1()1(
)3()1()1(  (10) 
1
1* EE   (11) 
where sh, E* and are shrinkage of overlay, modified elastic modulus of overlay and 
degree of restraint, respectively. The degree of restraint is affected by m 
are, respectively, ratio of elastic modulus of concrete base E2 to E*and ratio of depth of 
overlay d to total thickness of overlay plus concrete base h. Creep coefficient is used 
to obtain  E* from elastic modulus of overlay E1. The model is developed based on beam 
remain plane after bending is applied. Several other assumptions have been used for 
developing this shrinkage prediction model and those which represent parameters 
related to mechanism of shrinkage induces stress in overlay are outlined as follows: the 
shrinkage of overlay is sh throughout the depth of overlay while the shrinkage of 
concrete substrate is neglected; complete bond exists in the interface of overlay and 
substrate which provides full restraint; creep of the substrate concrete is negligible. 
Kristiawan et al (2009) improved the model by simulating different bonding properties 
in the interface i.e. fully bonded and partially bonded overlay. The results suggest that 
constant multiplier should be applied to Eq. (9) to account for different cracking 
behaviour observed in the two types of overlays. The multipliers are 2.35 and 1.8 which 
respectively to be used for fully bonded and partially bonded overlay.  
2006). The 
only difference is that the method of Silfwerbrand is a one-step calculation i.e. a single 
stress value is calculated based on the final shrinkage whereas the method of Carlsward 
is an incremental procedure. 
Generally Eq. (9) indicates that shrinkage stress in overlay is a product of degree of 
restraint , the effective stiffness E* and free shrinkage sh. Denarie et al (2011) suggest 
a difference approach to compute the degree of restraint. They define the degree of 
restraint as ratio of the actual stress rest taking into consideration the effective stiffness 
of the composite structure and the stress full that would occur in a totally restrained 
condition: 
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full
rest   (12) 
Restrained could be associated with axial N and flexural M restraint. The degree of 
restraints are calculated from the theory of composite in which shrinkage in overlay 
causes force Nt (and stress full) equals to that required to fully restraint the movement of 
overlay. The composite must be in equilibrium of forces; hence, compressive force Nc 
and moment M are applied in the centre of gravity (cog) of composite. The stress 
induced by Nc ( ) and M ( M) in overlay will reduce the full. The resulting stress in 
overlay becomes rest which is: 
MNfullrest   (13) 
Substitution of Eq. (13) into Eq. (12) produces: 
MN
full
MNfull 1  (14) 
Evaluation of cracking behaviour of overlay using the models described in the 
previous paragraphs may be carried out by comparing the shrinkage stress calculated by 
the models and tensile capacity of the concrete. Concrete overlay is deemed to be in 
crack when calculated shrinkage stress reaches tensile capacity of the material. Hence, 
when this criterion is used to assess cracking tendency of overlay, input parameters such 
as shrinkage, creep and stiffness behaviour of overlay and concrete substrate should be 
determined experimentally. The accuracy of the models to estimate shrinkage behaviour 
of overlay may encounter draw back due to the following reasons: in the first, resistance 
of concrete overlay to tensile stress actions at low loading rate such as shrinkage stress 
is lower than resistance obtained from quasi static tensile tests. This means, cracking 
could occur at earlier age (lower tensile stress) than the prediction. In the second, all the 
models described in the previous paragraphs are not taking into consideration different 
shrinkage that exists from layer to layer in the overlay. 
In overlay system, shrinkage in the surface is higher compared to that occurs in the 
depth. The higher shrinkage observed in the surface corresponds to higher drying 
(moisture loss). Rahman et al (2000) show that shrinkage stress in overlay matches with 
moisture loss profile within overlay. Finite element model is employed to calculate 
shrinkage stress driven by moisture loss. The model requires certain key indices such as 
shrinkage, creep, elastic modulus, tensile strength, coefficient of moisture diffusivity 
and the surface convective mass transfer process. The model clearly accounts for 
parameters governing moisture loss.  Baluch et al (2002) correlate shrinkage stresses 
calculated from moisture loss approach with stresses computed from shrinkage 
measurement by regression function F (h/L) as follows: 
)/(5.0 LhFE sh   (15) 
33.1)/(58.4)/(63.4)/( 2 LhLhLhF  (16) 
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where  is shrinkage stress, E and sh represent elastic modulus and shrinkage of overlay 
in which both parameters are evaluated at 28 day; h and L correspond to overlay 
thickness and length dimension, respectively. Simplification of the model that take 
account parameters governing moisture loss becoming those of Eqs. (5)-(6) significantly 
reduces parameters that have to be determined experimentally when these Eqs. are used 
to quantitatively assess the performance of shrinkage cracking tendency of overlay. The 
risk of cracking is judged by comparing the stress calculated from Eqs. (5)-(6) with 
tensile capacity of concrete.   
Beushausen and Alexander (2007) 
observed that substrate strains had a maximum value at the interface and approached 
zero strain in regions away from the interface. They proposed computation of total 
direct tensile strain at any time in the interface as summation of instantaneous interface 
strain isnt.I(t) and substrate creep creep.S.I (ti). The isnt.I(t) itself is a combination of effect 
of direct elastic strain, overlay relaxation and substrate creep. Direct elastic strain in the 
inrterface is triggered by free shrinkage overlay sh adjusted by overlay relaxation 
coefficient o(t,t0), in which an empirical constant C  for this adjustment has to be 
determined. Direct tensile overlay stress  at the interface is then calculated as: 
)),(8.01).((
.
1
11).().().,((
0
0
tttE
CE
tEttt
so
s
osh  (17) 
where Eo and Es denote elastic modulus of overlay and substrate, respectively; øs 
symbolizes substrate creep coefficient. Application of this model require measured 
material parameters such as free shrinkage of overlay, elastic modulus of overlay and 
substrate while substrate creep strain may be estimated using creep prediction model. 
Other required parameters include overlay relaxation which is considered a constant 
value of 0.55 and empirical factor of C  which is taken as 1 based on specimens they 
used. The empirical factot of C  should be determined if this model is to be applied  for 
other overlay materials. Due to complex parameters that have to be determined, there is 
no easy way to setting performance criteria using this model. 
Zhou et al (2008) developed model based on the plate theory to estimate shrinkage 
stress in overlay system. In the development of the model, the following procedure is 
followed: first, free shrinkage of the overlay is assummed fully restrained causing 
tensile stress. Since overlay is bonded to concrete substrate, a compressive stress is 
externally applied to the overlay to balance the shrinkage induces tensile stress. The 
compresive stress is assumed to be constant through the depth of overlay. The stress and 
strain in the composite system subjected to external compressive stress are calculated 
based on the theory of plate and the assumption of the linear relation between shear 
stress and slip at the interface. The tensile stress induced by shrinkage is then 
sumperimposed. The following model is proposed as a result of the said procedure to 
estimate maximum stress in overlay (Zhou et al 2009): 
92   S.A. Kristiawan /  Procedia Engineering  54 ( 2013 )  82 – 100 
22
0
max,
21
1
LL
ss
oo
sh
xx
ee
hE
hE
E
 (18) 
where Eo and Es represent elastic modulus of overlay and substrate, respectively; ho and 
hs denotes thickness of overlay and substrate, respectively; sh is free shrinkage of 
 
ssoo hE
K
hE
K
  (19) 
in which K is the shear stiffness of interface. As can be seen from the Eqs. (18)-(19), the 
mathematical expressions could be used to assess the effect of shear stiffness, 
dimension and elastic modulus. However, it should be noted that the models have not 
taken into consideration the creep effect. 
4. Simplification of Model to Quantify  Overlay Performance Related to 
Shrinkage Cracking Tendency 
Various models prediction of cracking behaviour presented in the previous section 
may be employed to set criteria for assessing shrinkage cracking tendency in overlay. 
Each models require input parameters which for some reasons are not easily determined 
in the laboratory. Simplification of the models could be a preferable choice as it leads to 
reduction in the measured input parameters. As proposed by Baluch et al (2002) with 
Eq. (15), simplification of model results in a reduction of input parameters from six 
(shrinkage, creep, elastic modulus, tensile strength, coefficient of moisture diffusivity 
and the surface convective mass transfer process) to two (shrinkage and elastic 
modulus). This model could be a good candidate to be selected for setting performance 
criteria to assess shrinkage cracking tendency of overlay material. However, since the 
model is derived from correlation between stresses calculated from shrinkage driven by 
moisture loss and those of measured free shrinkage, more experimental works  should 
be carried out to validate such correlation that cover a range of overlay materials.  
Other simplification model to calculate shrinkage stress is proposed by Beushausen 
and Alexander (2007). Strain produced in overlay is a combination of shrinkage, 
relaxation and elastic strain. For most specimens they tested, measured overlay strains 
on composite members were approximately 35% (between 30% and 40%) of free 
overlay shrinkage strains sh and relaxation could be estimated to reduce tensile overlay 
stress by approximately 50%. Therefore, they suggest strain which induces stress stress-
producing in overlay as: 
shshproducingstress 33.05.0).35.01(  (20) 
This corresponds to overlay tensile stress  of: 
oshE33.0  (21) 
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where Eo is elastic modulus of overlay. This simple model also requires only two 
measured parameters (free shrinkage and elastic modulus of overlay) if this model is 
chosen to be used in setting performance criteria to assess shrinkage cracking tendency 
of overlay materials. 
 
a. Overlay is being laid on top of concrete substrate at time t0; 
 
 
b. Assuming both overlay and substrate are free to shrink; a differential shrinkage sh-(t) exists at time t; 
 
c. sh(t)) while the remaining 
differential shrinkage (1- sh(t) is still free to move; 
 
d. sh-r(t)) will be a result of summation of a variety 
parameters involved in shrinkage induces stress. 
Figure 5. Illustration of restrained shrinkage occurring in concrete overlay 
Simplification of model may also be developed by first to identify parameters 
affecting total strain in overlay as a result of differential shrinkage occured in overlay. 
Restrained provided by concrete substrate will induce shrinkage stress in overlay. The 
shrinkage stress developed in this case is affected by a variety of parameters. Fig. 5. 
illustrates how various parameters interact to produce shrinkage stress. It should be 
noted that most of these parameters are age-dependent properties. 
overlay  
Concrete substrate 
sh (t) 
(1- sh-
 sh-(t) 
sh-r(t) 
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Fig. 5. may be explained as follows: at the beginning of overlay application at time 
t0, both overlay and concrete substrate have similar position as in Fig. 5a. As time 
increases, overlay will shrink at a rate higher than concrete substrate resulting in 
differential shrinkage. The magnitude of dif sh-(t)) could 
be calculated from the magnitude of free shrinkage in overlay minus free shrinkage in 
concrete substrate. This amount of differential shrinkage is calculated on the assumption 
that both overlay and substrate are free to shrink (Fig. 5b). Since overlay is bonded to 
concrete substrate, such assumption is not valid. Therefore, a fraction of the differential 
sh(t)) while the remaining differential shrinkage (1- sh(t) is 
still free to move (Fig. 5c). This means there is no perfect bond. The imperfect bond 
assumption is in aggreement with the result of Kristiawan et al (2009). The degree or 
fraction of differential shrinkage which is restrained by the interface bond depends on 
the bonding properties of the two materials. When shrinkage is restrained, tensile stress 
is induced in overlay and compressive stress is occurred in concrete substrate. Based on 
the equilibrium principle, the magnitude of tensile force in overlay and compressive 
force in substrate is equal. If tensile stress in overlay induced by shrinkage for a finite 
o o-c is: 
oo
ss
o
co
AE
AE
1
 (22) 
s-c is: 
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o
s
s
o
o
cs
A
A
E
E  (23) 
The net stress in overlay ( o- o-c) will produce elastic strain o-el-(t) and creep 
strain cr-o-(t)) which will relieve strain in the overlay. The compressive stress in 
substrate will produce elastic strain s-el-(t) and creep strain cr-s-(t))  which also relieve 
strain in overlay. The final magnitude of restrained shrinkage sh-r(t)) will be a result of 
summation of those various parameters involved in shrinkage induces stress (Fig. 5d) 
and may be expressed in the following: 
)()()()()()( tscrtelstocrtelotshtrsh  (24) 
where 
)(
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 (25) 
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in which subscript t indicates age-dependent material properties. The term creep may be 
expressed in term of creep coefficient  with the following relations: 
)(
)()(
)()(
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to
tcoto
totocr E  (27) 
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)()(
ts
tcs
tstscr E  (28) 
o-c(t) s-c(t) are given in Eqs. (22) and (23). Substituting Eqs. 
(25)-(28) into Eq. (24) and rearranging the shrinkage terms will produce a model in 
o(t). as follows: 
)( )()( totsh f  (29) 
where this function account for various parameters influencing shrinkage induces stress 
in overlay. If the shrinkage of substrate is neglected, the terrn differential shrinkage 
equals to free shrinkage of overlay. The function could be derived by regression 
analysis from data of differential shrinkage and their corresponding stresses obtained 
from numerical solution of Eq. (24). The data may also be extended by calculating 
stresses using other models from known differential shrinkage and other input 
parameters required by the models. It is also favourable to include experimental data 
from various sources to get better acuracy in presenting the regression model. Fig. 6 is 
an example of such procedure to obtain relation between differential shrinkage (or free 
shrinkage) with the induced stress in overlay.  
96   S.A. Kristiawan /  Procedia Engineering  54 ( 2013 )  82 – 100 
Figure 6. Regression to relate shrinkage and stress in overlay (after Kristiawan 2011)
Table 2. Mechanical properties of overlays*
Type E (MPa) f'c (MPa) MOR (MPa)
M-B 32404 34 4.29
MP-0% 36633 36 5.29
MP-2% 36419 36 5.24
MP-4% 38817 38 4.34
MP-6% 28844 30 3.88
EN 29976 31 4.28
* determined at 28 days
Table 3. Shrinkage property of overlays
sh (10-6)
t (days) MB MP-0% MP-2% MP-4% MP-6% EN
1 0 0 0 0 0 0
231 163 314 418 496 260
7 314 280 364 480 566 319
10 412 370 414 541 635 378
14 505 582 631 768 884 631
21 596 687 733 871 1008 762
28 672 778 799 943 1084 881
35 736 848 813 962 1108 986
42 783 903 820 976 1124 1056
49 818 947 827 987 1138 1093
56 843 974 833 994 1147 1115
70 883 1004 853 1014 1169 1145
84 897 1010 861 1021 1178 1155
It is shown from Fig. 6 that shrinkage stress in overlay could be predicted  from 
the value of shrinkage sh by the relation of:
sh0093.0 (30)
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where and sh is given in the unit of MPa and 10-6, respectively. All factors influencing
shrinkage stress in concrete overlay are contained in the constant value of 0.0093.  The
only input parameter required by the model is differential shrinkage (or free shrinkage).
This means that performance of overlay materials could be evaluated by setting the limit
of differential shrinkage (or free shrinkage).
Application of Eq. (30) may be carried out using incremental procedure instead of 
directly correlating the shrinkage value at given time with the stress. Eq. (30) could be
compared with Eq. (21) for various range of overlay materials. In this paper, for given
materials properties as in Table 2 and 3, the stresses in overlay are calculated using both 
Eqs. (21) and (30). The stresses are calculated up to 84 days regardless the fact that
materials could already cracks at earlier time. For comparison purpose, the results are
presented in Fig. 7 where it is indicated that Eq. (21) produces slightly higher stresses
than  those calculated from Eq. (30). It should be noted that Eq. (21) requires input
parameter of elastic modulus and for this case is determined at 28 days. Since elastic
modulus is age-dependent property, the use of 28 day-elastic modulus would produce
overestimate stresses especially at early age.
Figure 7. Comparison of stress in overlay calculated using Eq. (21) and Eq. (30)
5. Conclusions
Evaluation of shrinkage cracking in concrete overlay requires understanding of 
mechanism by which shrinkage induces stress leading to cracking. Many testing
methods have been developed to qualitatively assess shrinkage cracking tendency in
overlay. These methods include ring, plate, longitudinal and substrate restraint types
tests. Each type of test characterizes unique parameters which signify cracking
behaviour. The methods are able to compare performance of different overlay materials
related to shrinkage cracking behaviour. Influence of major factors on shrinkage
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cracking tendency of overlay materials can also be studied using these qualitative 
methods. 
Qualitative methods, however, are deficient to predict the cracking tendency of 
overlay in the field as there is no link between performance under such tests with 
cracking tendency in the field. Many models have been proposed to predict shrinkage 
stress by which quantitative performance of overlays are assessed. The models requires 
many input parameters for computing the stress and other input parameters to 
characterize the cracking resistance of overlay materials. Comparing the shrinkage 
stress calculated by the models and cracking resistance of overlay materials, 
performance criteria could be set to assess shrinkage cracking tendency. It is 
disadvantage, however, if the input parameters required by the models are too many. 
Simplification of the models could lead to simple quantitative assessment of 
shrinkage cracking tendency. The simplification of model proposed in this paper 
requires only differential shrinkage (or free shrinkage) as input parameter. The model 
could be improved by extending the data to obtain the more realiable regression 
equation. These may include data of shrinkage and corresponding stresses calculated by 
various models and data from experimental works in which mechanism of shrinkage 
induces stress is simulated and accounting for all influencing parameters. 
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